Abstract This paper shows investigations on silver nanoparticles deposition using simple photochemical method on sol-gel coated titania. The influence of titania substrate, silver precursor concentration, light intensity and irradiation time are considered as a factors determining the microstructure. The average diameter of the particles and surface coverage are calculated from SEM microstructure investigations and confirmed by AFM imaging. The crystalline phase in titania layers were determined by TEM and Raman spectroscopy. The optical measurements of absorbance and absorption were shown indicating that there was no absorption of the light used in experiment even though deposition of nano silver was confirmed. Finally, the plasmonic properties were simulated for the model particles by finite difference time domain method. Possible application of obtained structure was proposed.
Introduction
Silver nanoparticles have found an application in several fields of science and technology like nanobiology, nanochemistry and materials science. The photochemical deposition is one of the methods where silver nanoparticles can be successfully formed and deposited on different surfaces [1] [2] [3] . This method was successfully used to obtain Surface Enhanced Raman Spectroscopy (SERS) effect on active nanoparticles [4] , antibacterial coatings [5] and enhanced water purification [6] . Recent years have shown particular interest in utilization of silver nanoparticles and their plasmonic properties. The surface plasmons are collective oscillations of free electrons in metals. In case of nanoobjects those collective oscillations can be excited by electromagnetic radiation and for certain frequency they can show a resonance character, so called Localized Surface Plasmon Resonance (LSPR), which is the source of new optical phenomena. Silver is a metal of strong surface plasmon resonance, which, in case of the silver nanoparticles, occurs in the visible part of electromagnetic spectrum. Since the plasmonic properties of particle depend on kind of metal, its size, shape and dielectric environment, the position and character of plasmon peak can be tuned in the wide range of spectrum. The area on which particle interact with light can be assessed by extinction cross section according to for example Mie theory or Quasistatic approximation. Special feature of LSPR is that the extinction cross section several times exceeds the geometrical cross section of the particles. Extinction cross section is the sum of scattering and absorption cross sections. Depending on size one of two components dominates. Generally, the silver particles with size lower than 70 nm strongly absorb the light, while for particles larger than 70 nm, the scattering predominates [7] . Another phenomenon accompanying the LSPR is near electric field enhancement at the close vicinity of particle surface. In recent years there has been particular interest in application of plasmonic structures in photovoltaic devices. Atwater et al. [8] proposed different possibility of plasmonic particles applied in the solar cells. Larger nanoparticles could be placed either on front or back side of the cell providing angular light scattering and hence light trapping for optical losses reduction. In the second approach, the nanoparticles are placed inside the active layer where enhanced near electric field results in increase of the electron-hole pair generation. For those purposes a high density of particles at the surface is necessary. The aim of this work was investigation of silver particle arrays deposition by photochemical method. It is a simple and cheap method with high potential of industrial application. In our approach, TiO 2 was used as a substrate. The titanium dioxide, widely used in solar cells in different configurations like layered structures or the powder ones. In organic or polymer solar cells, TiO 2 is an electron transporting layer whereas in silicon devices its antireflection properties are utilized.
Beck et al. [9] has shown that TiO 2 would be applicable as an under layer in plasmonic back reflector concept. Therefore, we planned to deposit either small and large particles to enable both strong near field enhancement and the scattering behaviour, respectively. For that purpose, the properties of titanium dioxide substrate were also investigated.
Experimental
The titanium oxide layer, as a substrate for silver nanoparticle deposition, was prepared by sol-gel method. The sol was a mixture of 50 ml of ethanol, 1 ml of 40 % hydrochloric acid and 5 ml of titanium (IV) ethoxide (C 8 H 24 O 4 Ti) precursor (Merck). The sol was conditioned for 15 min after mixing of the compounds. The monocrystalline silicon wafers and microscopic glass slides were used as the substrates. Standard cleaning procedure (sonification in acetone bath, ethanol and deionized water for 5 min) was applied. Than the sol was deposited on silicon wafers by spin-coating for 15 s with 4,000 rpm. Subsequently, the thermal treatment was applied. The samples of were dried for 2 h at 100°C in ambient atmosphere followed by calcination in flowing oxygen at 500°C for 1 and 2 h [10] . Additionally, one other sample was annealed at 200°C for 15 min. The TiO 2 spin-coated layer calcined at 500°C for 2 h was chosen for silver deposition. On the basis of Paunovic et al. [11] , which wrote that light with wavelength shorter than *410 nm can be successfully used for photochemical silver deposition on titanium dioxide, the 405 nm point diode laser with 50 mW nominal power was chosen. The silver precursor was silver nitrate solution of 5 different concentrations: 10, 5, 2, 1 and 0.5 mM. The temperature of silver nitrate solution was stabilized at 25°C. During the experiments, the samples were immersed into the silver salt solution and irradiated with three levels of intensity (low, medium, high) in the dark room. The 3.2 Carl Zeiss objective lens was placed 20 cm above the sample level to provide laser beam broadening. The illuminated area of about 0.25 cm 2 was a oval shaped. The samples were placed inside the illuminated area to obtain uniform light intensity. The same beaker and solution volume was used in every experiment to ensure the same optical path of the beam through solution (about 1 cm). To investigate the initial stage of Ag particles formation, the irradiation time was fixed at 5 min and for larger nanoparticles deposition, the time was prolonged. The deposition was performed on substrates after different heat treatment described above.
The microstructure investigation was performed by scanning electron microscope (SEM, Versa 3D FEG) operating at an acceleration voltage of 5 kV. The statistical information was calculated by Loco's Shire software [12] from images (BSE). In order to avoid accidental and false particles selection the threshold of nanoparticle diameter was selected at 10 nm. The images before the particles analysis were subjected to the series of advanced decomposition procedures, which enable to distinguish particle contrast. The TiO 2 layers after different heat treatment were optically characterized in reflection, transmission and absorbance mode using Perkin Elmer Lambda 950S spectrophotometer equipped with integrating sphere. Absorbance of silver salt solution was measured as well. The refractive index and layer thickness of the investigated samples was determined using Spectroscopic Ellipsometer SE 800 PV (SENTECH) by at incidence angle of 70°. The Micro-Raman spectra were acquired using a Renishaw inVia Raman microscope (509 objective) with 633 nm HeNe excitation laser, 1 s exposure time, 50 accumulations (2,000 for detailed analysis), with 50 % laser power (21 mW output power) and with spatial resolution \1 lm. The structure and morphology of the layers was characterized by transmission electron microscopy (TEM) Tecnai G2 F20 at 200 kV. The surface composition and electronic states of elements were determined by X-ray Photoelectron Spectroscopy (XPS) with R4000 Gammadata Scienta analyser and Al Ka (1,486.7 eV, 13 kV, 14 mA) X-ray source. An analysis of the nanoparticle shape and size was performed in tapping mode by Atomic Force Microscopy (AFM) (Bruker Innova). The step size was adjusted to match the image resolution and tip radius. Resulting data were used for plasmonic properties simulations, performed in Lumerical's FDTD Solution 8,0 software, which allowed calculation of the electromagnetic field evolution in time.
Results and discussion

Particles analysis
The silver particles were deposited on TiO 2 surface. Then the morphology and particle size were analysed by SEM. The SEM images shown in Fig. 1 were subjected to computer analysis using Loco's Shire graphical software. Some of the particles where hardly visible on the images due to the background contrast, which is ascribed to different crystallographic orientation of substrate grains. In order to perform statistical analysis, every image was deconvoluted using, so called, wavelet decomposition and colour normalisation. On that basis, the average diameter of the particles and average surface coverage was determined for all silver precursor concentrations and light intensities (Tables 1, 2 ). The real area of the particles was converted to diameter of equivalent sphere.
The analysis of SEM images showed that diameter of silver particles obtained after 5 min of irradiation was in most cases smaller than 30 nm. Increase of silver nitrate concentration led to higher number of particles per unit area. Additionally, an increase of light intensity resulted in higher particle density as well as formation of larger particles. There are also derogations from the foregoing statements, which can be caused by inhomogeneity of the light intensity. Namely, when the high laser light intensity was used, the nanoparticles displayed irregular shapes and larger size distribution, which was emphasized at lower salt concentration. The latter result disqualified the highest Fig. 1 SEM images of microstructure of samples prepared at different light intensity and concentration of silver solution C: a low intensity, C = 0.5 mM, b high intensity, C = 0.5 mM, c medium intensity, C = 5 mM, d low intensity, C = 10 mM, e high intensity, C = 10 mM level of light intensity for any further use. According to the mentioned plasmonic properties such small nanoparticles obtained after 5 min of irradiation should display absorbing behaviour predominantly. In order to approach the regime where the light scattering dominates, the particles must be larger. For that matter sample was placed in 5 mM of AgNO 3 solution and irradiated with medium intensity for 20 min. As can be seen from Fig. 2 , the prolongation of exposure time resulted in inhomogeneous growth of some particles of irregular shape when most of the particles remained small. The bimodal particle size distribution was also observed. That indicated that it was not possible to obtain larger particles by a simple time extension. The silver deposition tests on TiO 2 surfaces subjected to different heat treatment revealed that nanoparticles deposited only on substrates calcined at 500°C, independently of the annealing time. For further investigations, two samples were prepared in 5 and 10 mM of AgNO 3 and irradiated for 5 min with medium light intensity. The AFM imaging of Ag/TiO 2 system obtained at lower salt concentration was performed. The surface of system obtained at higher silver slat concentration was analysed by XPS.
AFM imaging showed that the average diameter of the particles, calculated using Loco's Shire software, was 31 nm and the average particle's height (h) was about 12 nm (Fig. 3) .
This diameter was larger than the value obtained from SEM image analysis (25.7 nm). It is well known [12] that AFM gives excellent resolution in z axis but suffers from lower resolution in x and y axis. For higher resolution imaging, a special type of super sharp tips was employed. The tip was TESP SS type from Bruker, which has a radius of about 2 nm. After introduction correction of measured diameter (D), the height (h) of the measured object and the tip radius (R) [13] according to Eq. (1), the average diameter (d) was accepted as 28 nm. This resulted in the average height to radius ratio (h:d/2) of about 0.86.
On that basis, the AFM measurements can be considered as a validated thus the values obtained from SEM should be scaled by the factor of 1.1. Some advantage of SEM using was possibility to obtain statistical information from any location in relatively short time.
TiO 2 layers investigations
Raman spectroscopy was used for phase identification in TiO 2 layers prepared by sol-gel method. Analyzing the Raman spectra of titanium oxide on Si after different heat treatment (Fig. 4a ) one can observe a peak at 144 cm -1 only for the samples annealed at 500°C. This peak, which was not observed for the samples annealed at lower temperatures, indicated appearance of some crystalline phase. Among 6 characteristic peaks for anatase phase, which could be found at 144, 197, 399, 515, 519, 639 cm -1 [14] , the peak at 144 cm -1 has the highest intensity (Fig. 4b ). Detailed analysis with increased number of accumulations revealed also presence of the peaks at 399 (Fig. 4c ) and 639 cm -1 (Fig. 4d) . The peaks 515 and 519 could not be distinguished from the silicon substrate peak, while the peak at 197 wasn't evident from the background. Beside the peak at 144 cm -1 , which could be ascribed to both rutile and anatase, no peaks at 447, 612, 826 [15] that could indicate a rutile phase, were fund.
The TEM analysis was employed search for a phase composition of the titania coating as well. The focused ion beam was used for preparation of thin foil specimen from the sample annealed at 500°C for 2 h that already showed a presence of crystalline titania phase. Thin specimen was then analyzed by transmission electron microscopy for the phase identification (Fig. 5) . On the basis of electron diffraction pattern a phase analysis was performed. This confirmed that the observed phase is anatase. From the electron diffraction pattern additional information was obtained. Thereafter an individual diffraction rings blur and slight broadening was noticed. Thus one could deduce that the studied layer is only partially (without quantitative analysis) crystallized. In the diffraction image, some spots were found on the diffraction rings. This was a result of diffraction on silicon monocrystalline substrate, due to the used aperture which disabled diffraction only from the thin titania layer. Approximation of the layer thickness was carried out by the chemical composition analysis since bright field images didn't show it exactly. Thickness of the layer was about 50 nm. The phase analysis was in agreements with literature announcement of nanopowders obtained by sol-gel method that amorphous in phase but with increasing the temperature up to 350°C or higher the transition from amorphous to anatase phase happens. However, calcination temperature must be kept lower than 600°C, because of the phase transition from anatase to rutile phase [16] . The phase identification was important since it determined the optical properties.
Rutile has a bang gap E g of 3.0 eV, which corresponds with 413 nm, while anatase band gap is 3.2 eV, which corresponds to 387 nm. The value given in [11] was probably chosen for rutile but in our samples, anatase was the occurring phase, therefore the light wavelength of 405 nm used in the experiment should not be absorbed. Thus the classical photochemical mechanism of silver reduction did not occur in this case but the silver nanoparticles deposition was observed.
The XPS technique allowed determining the electronic states of Ag and Ti at the studied surface. The Ag/Ti atomic ratio was 0.13 (0.5 at.% at the surface), confirming that only part of the TiO 2 surface was covered by silver. The Ti 2p core excitation (Fig. 6a) was deconvoluted into two components at electron binding energies (BE) of 457.1 and 458.6 eV, respectively. The main component of 93.6 % intensity was assigned to Ti 4? in TiO 2 lattice and the lower one (6.4 %) to Ti 4? -O-C of unhydrolyzed titanium (IV) precursor [17, 18] . The Ag 3d spectrum was deconvoluted into three doublets where the main Ag 3d 5/2 peak (80.7 % of the intensity) at BE of 367.7 eV was ascribed to metallic silver. The component at BE of 366.9 eV (11.8 %) was assigned to Ag ? -O bonding in silver oxide and the one at 369.1 eV (7.5 %) to Ag ? in salts or organic compounds [17, 18] . The XPS analysis showed that dispersed silver particles are metallic in bulk and covered by thin oxide layer at the interface.
Absorbance and absorption of the TiO 2 layers after annealing on glass substrate was measured for 300-1,100 nm of light wavelength (Fig. 7) .
The measurements showed absorption in shortest wavelength range, which approximately ends up with high slope around 350-360 nm. Then for longer wavelengths, a very broad and low intensity absorbance peak appeared. When the curves for differently annealed samples were compared, there was no difference between those calcined at 100 and 200°C, which differed significantly from those annealed at 500°C. The comparison of results for the samples calcined at 500°C for 1 and 2 h revealed that the calcination time did not influence the optical properties and can be shortened. On the basis of the absorbance measurements one can observe that absorption occurs at 405 nm. Absorbance was calculated from Eq. (2), where I is the intensity of the measuring beam and I 0 is the reference beam intensity.
It relayed on only simple intensity decrease but without distinguishing the source of this decrease. It can be absorption, but in layers measurements also reflection causes decrease of the measuring beam intensity. Since titania layer certainly reflects more light than pure glass due to the higher refractive index and it can be source of second broad absorbance peak. Calculation of absorption A from Eq. (3) using the transmission T and reflection R measurements confirmed that there is no absorption of light of 405 nm in the titania layer. The ellipsometry was then used for optical dispersion characterization. For modelling of the ellipsometry results, a model consisting of silicon (100) substrate, native silicon dioxide of fixed thickness of 2 nm, titanium oxide approximated by Tauc-Lorentz model, roughness and air was applied. The best fits were obtained with mean square error below 1. The thickness of the titanium oxide layer after calcined at 500°C for 2 h was 53 nm, which was in good agreement with thickness obtained from TEM investigations. For the samples annealed at lower temperatures, the thickness was larger. The obtained thicknesses and other optical parameters determined from ellipsometric measurements were collected in Table 3 .
An analysis of the obtained extinction coefficient k functions allowed determination of the optical absorption edge at the wavelength, at which its value was below 10 -4 . And again those values were found below 405 nm, which was used in silver deposition experiments. Surprisingly, the slope end of titania absorbance curve and extinction coefficient that determined absorption edges were below the values expected for anatase phase. This feature could be related to the fact that layer in not perfectly crystallized.
The above presented results suggested that classical photochemical mechanism of silver deposition cannot be applied here in a simple way. Therefore, three possible effects could be taken into account to explain silver deposition: (1) direct transfer of the excited electron from titanium oxide valance band to adsorbed on the surface silver cation due to the redox potentials difference, which enabled transmission of lower energy than the E g , (2) transfer of electrons through the defects levels, (3) surface effects related to band bending. An explanation of these effects and their importance requires further analysis and is beyond the scope of this paper.
Plasmonic properties estimation
The FDTD Solution simulation software was used for estimation of the plasmonic properties of the silver nanoparticles. In the modelling, the particle (r = 14 nm, h = 12 nm) was placed on TiO 2 substrate within the measuring mesh of a step 0.5 nm. The optical data for silver was taken from Palik [19] references and for TiO 2 , from elipsometric measurements. The scattering and absorption cross section were normalized by geometrical cross section (Fig. 8) .
The simulations for silver particle showed that the LSPR position is strongly red shifted to *612 nm when compared to spherical particle in air (LSPR around 350 nm). This shift resulted from the hemispherical shaped particle and contact with high refractive index substrate. An analysis of the near field intensity (calculated as |E 2 |) for resonance wavelength (Fig. 8b ) in polarisation plane shown that electric field can be enhanced more than 1,000 times at specific places. In case the light propagation was along horizontal direction and oscillation of the electric field in vertical directions. The colour scale was adjusted from the minimal and maximal values of electric field intensity enhancement. In the Fig. 8c , the field enhancement was fixed on 100 times and it was shown that the electric field is enhanced only a distance of few nm from the particle surface. Above information are quite optimistic and shows the possibility of using those nanoparticles in so called inverted organic solar cells with TiO x layer [20] , where the particles could interact with light, which is weakly absorbed in the active layer. Small height of the particles is also an advantage since the active layer penetration is important parameter as shown by Chen et al. [21] .
Summary
Photochemical deposition of silver nanoparticles can be convenient method to utilize their plasmonic properties. Deposition parameters strongly influence the microstructure and particles morphology. So far this method enables the formation of the small nanoparticles (\50 nm). On the basis of computer simulation, redshift of LSPR position and strong near field enhancement at the particles surface is expected. To take full advantage of particles properties deposition parameters should be still carefully studied and optimised. Considering the optical measurements results it was shown that particles are deposited even when there is no absorption of 405 nm radiation. It raises the question about the mechanism of photochemical deposition that needs further studies. Fig. 8 The results of plasmonic properties simulation: a normalized absorption and scattering cross section for particle diameter of r = 14 nm and h = 12 nm particles, b near field enhancement at k = 612 nm, c range of 100 times field enhancement at k = 612 nm
